Introduction
Routine Pap smear screening programs in the United States have reduced rates of cervical cancer by over 50% in the last 30 years due to the high proportion (> 80%) of women screened [1, 2] . These programs have proved effective despite the lack of uniformity in cervical cancer screening guidelines issued by professional organizations including the American Cancer Society (ACS), the American College of Obstetricians and Gynecologists (ACOG), the American Society for Colposcopy and Cervical Pathology (ASCCP), and the United States Preventive Services Task Force (USP-STF). Over the past decade and half, these guideline organizations have issued several revisions to their recommendations as scientific knowledge and screening technology advanced, with many emphasizing the incorporation of HPV DNA testing into screening. The guidelines and updates from each of these organizations are summarized in Table 1 .
Previous evaluations of the adoption of Pap/HPV cotesting (simultaneous screening by both cytology and HPV DNA testing) in primary screening of women 30-65 years reported slow diffusion into routine clinical practice with reports of less than 40% uptake in 2010 [3] [4] [5] . In this study, we extend these evaluations in Johns Hopkins Hospital affiliated clinics to 2013, by which time consensus recommendations included HPV cotesting as an acceptable, if not preferred, screening method [6] [7] [8] . These evidence-based recommendations aimed to maximize the reduction in cervical cancer incidence while minimizing the harms incurred by over-screening and treatment of regressive disease. However, to achieve this balance, adoption of the guidelines as recommended by the expert panels of reviewers (fidelity) is critical [9] . A core component to the fidelity of cervical cancer screening using both cytology alone and HPV cotesting strategies is adherence to the recommended extended screening interval among women with normal, or negative, screening tests.
Although a few studies have explored the diffusion of HPV cotesting into routine screening, including a study in the Johns Hopkins Hospital system [3, 4, 10, 11] , there are limited data evaluating the use of appropriate intervals in different cervical cancer screening strategies. Therefore, in this analysis, we calculate the length of time from a normal baseline screening test until the next screening test (i.e., "the screening interval") for women aged 30-65 years screened with cytology alone or with Pap/HPV cotesting. We also compare the length of the screening interval by patient age, race, and insurance in order to evaluate factors associated with appropriate application of recommended screening intervals (i.e., adherence) in clinical practice over time. Yearly Pap test [40] Annual or Bienniel Pap smears [41] Pap test at least every 3 years, but no benefit to annual Paps [42] 2003-2009 Age 30+: after three normal Paps in a rowcan move to every 2-3 years; OR screen every 3 years with Pap/HPV co-test [14, 39] Age 30+: after three normal Paps in a rowcan move to every 2-3 years; OR screen every 3 years with Pap/HPV co-test [15] HPV testing was performed using the Digene hc2 according to manufacturer's instructions (Qiagen, Gaithersburg, MD) and results were coded as negative (relative light unit (RLU) < 0.85), equivocal (0.85-3.0), or positive (> 3.0).
Methods

Data source and data collection
Statistical analysis
We received all Pap smear and HPV test results in PDS processed between 1 January 2001 and 28 May 2013, which totaled 306,722 records. We then applied several exclusions to the data (Supplemental Fig. 1 ). In brief, for the initial data cleaning step, we eliminated records with male or unknown sex, samples collected prior to 1 January 2001, duplicate records, and records without a Pap smear result. We then restricted our dataset to include only samples collected from clinics likely to be performing routine screening (i.e., excluding specialty locations such as colposcopy and HIV clinics). We performed our analysis only among women of routine screening age who were eligible for HPV cotesting (ages 30-65 years), starting from 1 January 2006, when cotest prevalence reached at least 5% of the total screening tests in this population in order to allow sufficient sample size for comparisons. This resulted in a total of 55,575 records from 27,035 women. For the interval analysis, we restricted data through 1 May 2010 to allow for at least 3 years of follow-up. This resulted in a final sample size of 31,701 records from 18,048 women for that analysis.
Because of the observed correlation between race and insurance type, we examined race and insurance as a combined variable of mutually exclusive categories. Insurance was characterized by type of payer: private (including HMOs, PPOs, Blue Cross), Medicare, Medicaid, and Tricare (military). Any records without an insurance code or with an insurance code that could not be verified were excluded, as this was a key analytic variable associated with screening-related decisions. To eliminate any HPV testing as a follow-up to a prior abnormal result and thus not part of routine screening, we restricted our analyses to screening tests performed at least 300 days after a prior screen [12] . This restriction necessarily meant that only women with at least two records were included in this analysis. Additionally, because there was no consistent code in PDS to differentiate HPV tests ordered as part of routine cotesting versus triage, we restricted the analysis to normal Pap results, as there would be no other indication for HPV testing other than as a cotest. Thus, cotests were defined as any visit with a normal Pap smear that included an HPV test, which resulted in 3.6% of the records being excluded from this analysis due to an abnormal Pap result.
The proportion of all screening tests performed each year that included a cotest was calculated. Median times to next screening test, along with corresponding 95% confidence intervals, were calculated and graphed by cytology alone versus cotest, year of screening, age, race, and insurance. Hazard ratios and 95% confidence intervals for time to next screening test for cytology alone and cotesting were estimated using Cox proportional hazards models. To account for the clustering of observations within clinics, these models were also run with the addition of a random effect term for clinic. All analyses were performed in Stata 13.1 (College Station, TX).
Results
Population characteristics
After exclusions, the dataset for this analysis included 55,575 records from 27,035 women who were eligible for HPV cotesting (30-65 years of age) and screened for cervical cancer between 2006 and mid-2013 (Supplemental Fig. 1 ). These women had a median age of 47 years (interquartile range (IQR): 38-55). Overall, this group was 51% white, 36% black, and 13% other races. Seventy percent had private insurance, 8% had Medicare, 13% Medicaid, and 10% had Tricare (military) insurance. A similar distribution of these characteristics was also seen among the population in the interval analysis.
Uptake of Pap/HPV cotesting instead of cytology alone
Following the 2003 approval of HPV cotesting for use in routine screening by the US Food and Drug Administration, initial uptake of cotesting in the Johns Hopkins System remained below 5% through 2005. Over the following 6-7 years, cotesting increased almost ninefold, from 8.9% in 2006 to 78.4% in mid-2013 (Table 2 ). To better understand the patterns of adoption of cotesting over time, we stratified our data into the following three time periods: 
Temporal changes in screening intervals
Screening intervals in women screened by cytology alone were relatively constant for women who screened negative from 2006 to 2010, with the median time to next screening test ranging from 1.3 years (95% CI 1.3-1.4) to 1.5 years (95% CI 1.3-1.5) (Fig. 1) . However, among women screened by cotest, the interval between screening tests increased significantly over time from 1.7 years (95% CI 1.5-1.8) to 2.5 years (95% CI 2.2-2.9), concomitant with the temporal increases in overall cotest usage (Fig. 1) .
Age-specific screening intervals
Overall, screening intervals differed by no more than 3 months among the different age groups receiving cytology only screening over the study period (Fig. 2a) . In contrast, median screening intervals increased in all age groups receiving cotests between 2006 and 2010 (Fig. 2b) . Screening intervals among women aged 30-59 plateaued in 2010 at 2.5 years, with a longer interval plateau at 3.2 years observed in the 60-65 year old women. This increase in screening interval length among cotested women was more rapidly adopted among women aged 50-65 years compared with women aged 30-49 years.
Race and insurance-specific screening intervals
When median time to next screen is compared by race within each insurance type, women of both races with private insurance and cytology only screening have almost identical median screening intervals. However, racial differences were observed over time in women with private insurance receiving cotesting. Black women had a shorter screening interval No median for women 60-65 years in 2010 because < 50% had returned for their next visit as of that date. Vertical bars at each year represent 95% confidence intervals compared to white women, and this difference increased over time (Fig. 3a) . Among Medicare-insured women with cytology only testing, black women had a longer screening interval compared to white women until 2009, at which time the interval lengths were similar due to a trend of increasing interval length over time among white women. (Fig. 3b ). There were insufficient data to estimate median intervals for white women being cotested with Medicaid insurance, but for all other groups, the median screening interval fluctuated between 1.5 and 2 years with no notable trend over time for either cytology or cotesting (Fig. 3c) . In contrast, trends in the median screening interval among Tricare-insured women differed by screening method, but not by race. Specifically, intervals increased from 1.2 to 3.1 years between 2006 and 2010 with cotesting, but only increased slightly from 1.2 to 1.3 years over the same time period for cytology only, until 2010, when cytology intervals increased to 2.0 years for white women only (Fig. 3d ).
Discussion
Cervical cancer screening recommendations evolved over the last 15 years in parallel with increasing knowledge and technology. First, there was the addition of ViraPap to conventional cytology, then the transition to liquid-based cytology, and more recently the incorporation of HPV DNA testing, as either a reflex or cotest [13] [14] [15] [16] . While screening guidelines are an important driver of clinical practice, they are not a mandate. Despite the strong evidence base that supports the consensus screening guidelines [3, 4] , providers often desire supplementary "real-world" evidence of the harms and benefits of alternative screening strategies before deciding to change a long-standing practice [17, 18] . To meet this demand, it is critical to conduct surveillance studies to describe the adoption and impact of screening practice changes at a population level (e.g., within large health systems).
As such, we have been tracking the uptake of cotesting within the Johns Hopkins Hospital Pathology Data System since 2001. Our prior analysis showed a traditional pattern of diffusion as described by Rogers [19] with innovators and early adopters starting to use HPV tests in the first few years following FDA approval. Consistent with the typical sigmoidal curve describing diffusion of innovations theory [19] , we observed a rapid increase in cotesting in women 30 years and older beginning in 2009, with a reasonably constant increase in adoption through 2012. A second wave of cotest increase beginning in 2012 to a mid-year height of 78% in 2013, indicates diffusion to the late adopters [4] .
Adoption of cotesting is only one of the criteria for evaluation of the successful implementation of cotesting in real world practice; the second element of implementation fidelity [9] is the length of time between a negative cotest and the next screen. Recommendations for longer screening intervals are based on the higher negative predictive value following a negative cotest versus a single negative cytology test result, enabling a safe extension of screening intervals [20] [21] [22] . Recognizing that both cytology alone and cotesting balance benefits and harms of screening only when applied at the recommended extended screening interval, we have expanded our adoption surveillance to estimation of time to next screen following a normal cotest. We found no change in screening frequency among women screened by cytology alone, but an increase among most women screened by cotesting.
During our observation period, most guidelines recommended that women 30 years or older with a normal screening test be re-screened in 2-3 years if screened by cytology alone, or in 3 years if screened by cotesting. Under those guidelines, we found screening intervals approached the recommended length for cotesting, but remained shorter than recommended for cytology by 2010. The shorter intervals following cytology mirror those described by Weinmann et al. across four different US healthcare systems through 2007 [11] . In 2012, guidelines further increased screening intervals for co-testing from 3-to 5-years, and including explicit recommendations against annual screening in any circumstance. Continued surveillance of this health system will be necessary to examine the rate and determinants of adoption of these most recent, and future, guideline changes.
Effective translation of evidenced-based interventions into clinical practice involves complex interactions between multiple layers of health services delivery [23] . While the large sample size of pathology records afforded by evaluation of co-testing practices at a health systems level has advantages, the data by nature are limited in scope. This does not afford the opportunity to examine individual provider and patient level factors associated with screening practice (e.g., provider specialty, provider age, patient request, etc.); however, our analysis provides a framework for the design of future studies to more fully explore the population-level variability in HPV co-testing.
Though our descriptive analysis of practice within a large health system is unable to determine the cause of the differences in adherence to recommended screening intervals between cytology and cotesting, we highlight important themes that could be considered in future evaluations. First, adoption of new extended screening intervals was higher among women screened by cotesting compared with cytology alone. Stakeholders willing to adopt new technology in screening, such as HPV testing, may also be more willing to implement a practice change (i.e., longer screening intervals) compared with those using a longstanding standard of care. Second, Medicare-insured women had significantly longer screening intervals compared with other insurers, suggesting different levels or rates of adoption of comprehensive practice change at the payer-level. For example, providers may continue to use cytology alone due to reimbursement issues, but may remain concerned about false-negative Pap results and feel more comfortable with more frequent testing. Both observations point to an element of general stakeholder (provider/patient/health system) readiness or capacity to change that could be evaluated in future studies.
Furthermore, differences in reaching the recommended 3-year cotesting interval length by age, race, and insurance after mutual adjustment and accounting for clinic-level differences suggest that the fidelity of evidence-based screening interventions is not uniform across populations.
There has been ample discussion in the literature regarding the disparities in cervical cancer by race in the United States, showing later stage of diagnosis and higher incidence and mortality rates for black women compared to white women [24] [25] [26] [27] . Correction for these disparities should not come at a cost of increased harms of screening. Identifying the reasons for the significantly shorter screening intervals observed among privately-insured dual negative cotested black women is a clear priority to ensure optimal and equitable cervical cancer prevention across the entire US population.
A primary strength of this study was the utilization of 'real world' clinical practice data from a large academic cytology laboratory. However, with this clinical dataset, our analysis was limited to visits when patients were seen in an affiliated clinic and had a Pap smear and/or HPV test performed and tested at JHH. As a result, we lack a true population denominator, and do not know the extent of in and out migration from the cohort, which may influence the validity of our inference. However, a recent evaluation of time to next screening test following a normal cytology or dual negative cotest from a population-based screening registry in New Mexico reported similar results, with a median time to follow-up of 1.5-2.0 years for cytology alone and > 3.0 years for cotesting [12] over the 2007-2012 time period. We also lack information on long-term screening history, and so cannot rule out that some of the differences seen are due to true risk differences where different follow-up algorithms may have been appropriate. This is especially relevant when interpreting the data from the women screened by cytology alone, as the recommendations during this time period included annual screening until three normal cytology results were observed. We attempted to limit this impact by restricting our analysis to women with at least one prior normal test result. However, we would expect this to result in shorter screening intervals among the youngest women with the highest risk of cytological abnormality [28, 29] , yet in our population screening intervals were in general longer for the youngest age groups (30-39 year olds).
Importantly, this study utilized clinical practice data from a large medical system that includes a diversity of clinics and patients and results were relatively similar to a state-wide registry in New Mexico, suggesting our results
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may be generalizable to a larger population. An important strength of our study, however, was that we were able to provide direct evidence about how screening is occurring in a real-world setting, rather than collecting self-report or vignette data which only reflect practice intentions not actual practice [4, [30] [31] [32] [33] [34] [35] [36] .
In summary, our results demonstrate that in this medical system, HPV/cytology cotesting among 30-65 year old women follows a typical diffusion of innovations sigmoidal cumulative adoption over time, with clearly defined early and late adopters of the evidence-based practice. Studies to better understand the patient, provider, and payer-level differences driving the behavior between early and late adopters may be instrumental in accelerating adoption of future changes in evidence-based cervical cancer screening practices. For example, continued updates of this and similar studies will be important to determine whether the ultimate consensus recommendations across multiple professional organizations reached in 2012 [6] [7] [8] will influence provider behavior by reducing uncertainty in best practice. In addition, in 2014 the FDA approved an algorithm of HPV testing with HPV16/18 genotyping using the Roche cobas HPV test for primary screening of women aged 25-65 years [37] . Some professional organizations have already issued interim guidance for this strategy [38] , and surveillance of the adoption of this screening practice will be critical to generate a solid population-based evidence base for guideline updates, particularly as population-uptake of the HPV vaccine increases. Given the call for more evaluation of 'real-world' data from clinical practice in the United States [18] , the present analysis and future evaluations are critical to ensure broad stakeholder adoption of recommended screening guidelines.
